Rhodamine B as an optical thermometer in cells
focally exposed to infrared laser light or
nanosecond pulsed electric fields

David Moreau,"" Claire Lefort,' Ryan Burke,' Philippe Leveque,’
and Rodney P. O’Connor'

"Univ. Limoges, CNRS, XLIM, UMR 7252, F-87000 Limoges, France
“david.moreau@xlim.fr

Abstract: The temperature-dependent fluorescence property of Rhodamine
B was used to measure changes in temperature at the cellular level induced
by either infrared laser light exposure or high intensity, ultrashort pulsed
electric fields. The thermal impact of these stimuli were demonstrated at the
cellular level in time and contrasted with the change in temperature
observed in the extracellular bath. The method takes advantage of the
temperature sensitivity of the fluorescent dye Rhodamine B which has a
quantum yield linearly dependent on temperature. The thermal effects of
different temporal pulse applications of infrared laser light exposure and of
nanosecond pulsed electric fields were investigated. The temperature
increase due to the application of nanosecond pulsed electric fields was
demonstrated at the cellular level.
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OCIS codes: (170.2520) Fluorescence microscopy; (280.6780) Temperature; (260.3060)
Infrared.
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1. Introduction

Near infrared laser light is used in many biological applications, including multiphoton
microscopy [1], photodynamic therapy [2] and neural stimulation [3,4]. The exposure of
biological tissues to infrared laser light poses a recurring question [5]: is the tissue health
compromised due to the infrared exposure and does this transient hyperthermic stress cause
any persistent damage to the cell? In the field of neural stimulation, this question concerns the
mechanism of action and specifically whether it has a thermal effect acting on temperature
sensitive ion channels [6] or a more direct effect on membrane capacitance due to the gradient
of temperature [7]. One of the important challenges in understanding the effect of infrared
exposure on biological tissues is the quantification of the local temperature in the exposed
cells [8].

Similarly, nanosecond pulsed electric fields (nsPEFs) are an emerging tool with potential
for both neurostimulation [9] and cancer treatment [10], depending on the intensity and pulse
duration used. nsPEFs can be used to transiently permeabilize the plasma membranes of cells
[11,12], but despite having high peak power, the effect of these ultrashort pulses are
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considered to be nonthermal due to the low average energy density that they deliver.
Interestingly, it has been shown analytically that the application of nsPEFs to cells could
result in both thermal (Joule heating) and electrical effects [13]. Thus, like infrared laser light,
local temperature measurements of biological samples exposed to nsPEFs are necessary to
better understand the mechanisms involved in these effects.

A number of different microscopy techniques can be used to map temperature at the
single-cell level to study thermal effects caused by infrared laser light or electrical sources
[14] and each has its strengths and weaknesses. For example, Shang and colleagues [15]
demonstrated the utility of fluorescence lifetime microscopy for cellular and subcellular
measurements of temperature; however, this method is highly sensitive to pH and viscosity.
Another highly promising technique is based on the anisotropy of fluorescence from green
fluorescent protein [16], yet this requires the use of cell lines stably expressing fluorescent
proteins, making it less suitable for studies of neurons or primary tissues that are difficult to
transfect. A wide variety of other methods have been used, taking advantage of the
temperature sensitivity of fluorescent quantum dots [17], Europium thenoyltrifluoroacetonate
(EuTTA) [18], Er’*-doped nanoparticles [19] or doped silica nanoparticles containing a
combination of these substances [20]. The application of these techniques is limited by the
toxicity of these substances and differential uptake and repartition in into organelles and
membranes.

Rhodamine B (RhB) is a well-known water soluble fluorophore, with an absorption peak
centered at 554 nm, and an emission peak at 576 nm. In the current context, the most
interesting property of this molecule is its temperature dependent fluorescence quantum yield
[21], which decreases linearly as temperature increases [22]. The fluorescence of RhB is
negligibly pressure sensitive and pH independent above a pH of 6 [23]. RhB has been used in
several microfluidic applications [24-29], and interestingly, distributes across biological
membranes where it has been used as a mitochondrial probe [30]. These properties lead us to
test whether RhB dye could be successfully used as optical thermometer in small biological
compartments at the subcellular level. It has been used recently in the measurement of
temperature in rat tail tendon samples exposed to radiofrequency electromagnetic fields [31],
and similarly used in our group to measure temperature in cells exposed to continuous wave
microwaves [32].

In this paper, we present experiments applying RhB to measure temperature at the cellular
level to highlight the temperature changes induced in cells focally exposed to infrared laser
light at 800 nm or 10 ns pulsed electric fields. First, the setup and the calibration procedure
are detailed. Then, the different exposure systems are described that were used to deliver
infrared laser light or nsPEFs to U87 human cancer cells during imaging experiments. The
thermal effect of continuous infrared exposure was investigated, including the influence of the
power of the radiation used and the distance between the source of infrared and the cells. The
effects of an intermittent infrared exposure on the temperature of the cells was also
investigated. Finally, the influence of nsPEFs on local cellular temperature was studied as a
function of intensity, pulse number and repetition frequency. In the case of the exposure to
nsPEFs, the temperature measurements made with RhB were compared with those completed
with a calibrated external thermometer. In both cases, the local increase of temperature due to
nsPEFs was demonstrated. RhB was therefore a highly sensitive and useful tool for
investigating the cellular-level temperature impact of these stimuli.

2. Experimental setup

Figure 1(a) shows the experimental setup used for both infrared and nsPEFs exposure
experiments that was located in a room with a stabilized temperature at 23°C. The setup can
be divided into three parts, including the systems for imaging and measuring the temperature
(lower part of the figure) and the systems for controlling and exposing cells to infrared laser
light (upper right part of the figure) and to nsPEFs (upper left part of the figure). Figure 1(b)
shows an expanded view of the petri dish when the nsPEFs delivery system was applied (left
part of the figure) and when the infrared delivery system was used (right part of the figure).
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Fig. 1. (a). Experimental setup. (b) Zoom on the delivery of nsPEFs and infrared in the petri
dish.

2.1. Rhodamine B fluorescence intensity measurement and conversion to temperature

The setup allowed the detection of the RhB fluorescence using wide field epifluorescence
microscope (Leica DMI6000 B). The excitation light for RhB (A = 549 nm) was provided by a
light emitting diode (LED)-based light engine (Spectra7, Lumencor). This light, with an
average power of 3.5 mW, was delivered to the cells with a dichroic mirror centered at 565
nm. A 20X objective was used to focus the light from the LED in the petri dish containing the
cells loaded with RhB. The fluorescence emission (peak A = 576 nm) of RhB was then
collected through the dichroic mirror and separated from any infrared light with a longpass
filter (A. = 750 nm) and detected with a electron-multiplying charge-coupled device camera
(EM-CCD, 16 bit, pixel matrix 512x512, Evolve 512, Photometrics). All elements in the
fluorescence imaging setup were controlled and synchronized by freely available software
(Winfluor, Strathclyde University). The parameters of acquisition of the CCD was controlled
as well as the LED engine by the software and by an analog output from digital acquisition
(DAQ) board (USB-6229-BNC, National Instruments).

The calibration procedure was divided in two steps that occured simultaneously. Fig. 2
shows an example of the conversion of the fluorescence into temperature. For this calibration
procedure, RhB was diluted in 2.5 mL of water in a petri dish to a final concentration of 50
puM. The petri dish was placed in a metallic ring containing a resistive element and
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temperature controller (TC-E35, Bioscience Tools). The whole solution was heated from
23°C to 29°C by the heater element. At the same time, the evolution of the fluorescence
intensity was recorded by the imaging software and was synchronized with the output voltage
of the fiber thermometer. Fig. 2(a) shows an example of these results. A calibrated fiber optic
thermometer (LUXTRON 812 Industrial Temperature Monitor) with an analog voltage output
was used that allowed extraction of a linear relationship between the temperature of the
sample (measured with the thermometer) and the voltage output of the fiber thermometer, as
acquired by software. Fig. 2(b) shows a recording of the temperature over time. Finally, by
extracting the previous results in time, it was possible to extract the relationship between the
evolution of the fluorescence intensity and the change of temperature. This setup therefore
allowed measurement of the evolution of fluorescence intensity with the temperature of the
RhB. Ten calibration procedures were performed and the average decrease of fluorescence

intensity with temperature was found to be linear and estimated at 1.63% +/—0.2 per Celsius
degree.
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Fig. 2. (a). recording of the level of fluorescence versus time. (b). recording of the temperature
with external thermometer versus time. (c). Conversion of fluorescence intensity into
temperature. Results of measurement in black, linear fit in grey.

2.2. Shaping and routing of infrared laser light excitation

The infrared laser source was a femtosecond-pulsed tunable Titanium-Sapphire oscillator
(Chameleon, Coherent, INC, 680-1080 nm, 10 nm, 140 fs, 4 W, 80 MHz). The central
wavelength was fixed at 805 nm for all experiments. The laser beam was injected into a 10-m-
long multimode graded-index fiber (GIF50C, Thorlabs). The fiber had a core diameter of 50
pm and a numerical aperture of 0.2, and caused a spectral broadening as presented in Fig. 3.
The infrared laser light brought to the biological samples therefore had a spectral width of 19
nm at the full width half maximum (FWHM).
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A maximum average power of 0.7 W was available at the fiber output, representing an
injection efficiency of 78%. The infrared laser was rapidly modulated by an acousto-optical
modulator (AOM, MTI110IR, AA Optoelectronic), inserted before the fiber input.
Transmission through the AOM was controlled by software and by the digital acquisition
board allowing rapid and precise temporal control of infrared power to the biological samples.
The switching delay between application of the voltage on the AOM and the response at the
fiber output was measured to be 250 ps.

2.3. nsPEF delivery system

To study the impact of nsPEFs on local temperature, the nsPEF delivery system replaced the
infrared delivery system (Fig. 1). The nanosecond pulse generator (FID Technology, 10 kV
maximum voltage, 50 Ohm output impedance, 10 ns pulse width) was triggered by a function
generator (Agilent 33120A) controlled by a custom Labview program (Labview 7.1, National
Instruments). The trigger signal consisted of square pulses with a duty cycle of 10% and was
recorded by the DAQ board during all experiments. The electric pulses delivered to electrodes
by a high voltage cable. Bipolar electrodes were separated by a distance of 1.5 mm and
connected in parallel to a 50 Ohm resistor to impedance-match the nsPEF generator, as
previously described [33].

2.4. Preparation of U87 cell culture labelled with RhB

Human U87 glioblastoma cells were purchased from American Type Culture Collection
(ATCC) and grown in Minimum Essential Media (MEM) supplemented with fetal bovine
serum, glutamine and antibiotics and kept in an incubator under a 5% CO, atmosphere. Cells
were detached with trypsin and subcultured onto glass bottomed petri dishes (Fluodish, WPI)
and allowed to attach to glass in the incubator for 24 hours before experiments. Culture media
was then removed from petri dishes containing adherent U87 cells, and replaced with a 50 uM
RhB concentration made in a physiologically balanced HEPES buffered salt solution (HBSS)
pH-buffered to 7.4. Cells were incubated with RhB for 2 hours to allow for dye incorporation.
After the loading period, petri dishes were washed twice with fresh HBSS in order to remove
extracellular dye and finally placed on the microscope stage.

3. Measurement of temperature of cells under infrared exposure

Figure 4 shows the image of the cells as detected by the CCD camera from the fluorescence of
the RhB inside cells. It also shows an example of an area illuminated by the infrared laser
from the optical fiber and an example of a region of interest (ROI) that was analyzed. Single
cell ROIs were thus defined after positioning the infrared exposure area with a
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micromanipulator. This ROI delimited the pixels that were considered in the recording of
fluorescence intensity over time. The fluorescence intensity values of the pixels located in the
ROI were averaged in order to extract the mean fluorescence intensity.

Fig. 4. Image of the cells labelled with RhB. Localisation of the infrared exposure area and
definition of the region of interest where the cell temperature is measured.

3.1. Continuous infrared exposure

The first example of infrared laser exposure considered was a continuous application with a
duration of 60 s and an average power at the fiber output of 200 mW (Fig. 5) . The optical
fiber was placed 0.5 mm above the cells. The LED illumination occurred for a total duration
of 200 s. High temporal resolution was not required in this case, so imaging was performed
with temporal sampling of 200 ms in order to increase the signal to noise ratio. Infrared
exposure induced an initial fast increase of temperature of 1.5 °C and eventually reached a
steady state with the thermal balance between the contribution of energy by the infrared
radiation and the thermal exchange with the extracellular bath. This steady state was observed
when the temperature of the system stabilized and did not vary more than +/— 0.1 °C. After
the end of the exposure, the temperature of the cell returned to its basal value (23 °C),
demonstrating that the change in fluorescence of RhB with temperature was reversible.
Experiments performed to examine the photobleaching of RhB by the LED illumination (data
not shown) revealed an exponential term that could be approximated by a linear trend after 10
minutes, corresponding to a decrease of — 2.10™ °C/s. Before each experiments, we exposed
the RhB to the LED illumination until we reached this linear decrease. All the following
results were therefore corrected for this linear trend.
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Fig. 5. Temperature measurement of cell under continuous infrared exposure.

3.2. Study of the impact of output fiber power

The impact of the average power at the output of the fiber on the temperature increase in cells
was investigated. The average power at the output of the multimode fiber was varied from
100 mW to 700 mW by steps of 100 mW. The temporal resolution was set at 200 ms during a
recording period of 200 s and the fiber output was positioned 0.5 mm above the cells. Fig.
6(a) presents the evolution of the temperature in the ROI. A linear dependence of the increase
of temperature reached at the steady state with the infrared laser light power is highlighted in
Fig. 6(b) . As expected, the temperature increase was higher with the use of infrared radiation
with higher average power. Indeed, the change in temperature varied from nearly 0.5 °C at
100 mW) to nearly 5°C at 700 mW. The time constant, determined as the time when the
temperature increase reached 63% of the final increase was found to be 2.4 s (+/—0.2 s) for all
the power used as predicted by the linearity of the heat diffusion equation.
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Fig. 6. (a). Evolution of temperature in cells depending on the average power P. (b). Evolution
of the final increase of temperature depending on the average power at the output of the fiber
with error bars illustrating the +/-0.1 °C of incertitude.

3.3. Intermittent pulsed infrared exposure

Intermitttent rectangular pulses of infrared exposure were used to evaluate the temporal
resolution of the method. The average power at the output of the fiber was 500 mW and the
fiber was maintained at a distance of 0.5 mm from the cells. The infrared exposure started
after a baseline recording of 5 s and consisted of a series of 100 ms pulses modulated by the
AOM each with a duration of 100 ms and delay of 50 ms (duty cycle = 67%) over a period of
approximately 10 s. Fig. 7 presents the results. A magnified view of the temporal pattern of
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the optical exposure is shown in the inset of Fig. 7 . The best temporal resolution that could be
obtained was approximately 4 ms due to limitations in the camera readout and LED control
speed. The intermittent infrared exposure induced a global increase of temperature of nearly
3.5 °C, from 23 °C to 26.5 °C. Furthermore, each pulse induced a small increase of
temperature whereas the delay between pulses was associated with decrease of temperature
not sufficient to return at the basal value. Unfortunately, the noise present in the measurement,
due to the low integration time needed on the camera, prevented us to estimate obviously the
value of the increase of temperature induced by one single pulse.
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Fig. 7. Intermittent infrared exposure. Inset. Zoom from 10.5sto 11 s.

4. Application of the optical measurement of temperature to cells exposed to nsPEFs

Given that RhB showed promise in measuring rapid temperature changes caused by infrared
exposure, the method was used to study the impact of nsPEFs on local temperature at the
cellular level. The bipolar electrodes were positioned with a micromanipulator so that the
cells of interest were located in the field of view of the microscope and between the
electrodes. ROIs were chosen selecting cells in the center of the field of view. In order to
understand the contribution of pulse number and repetition frequency to potential heating at
the cellular level, different pulse applications were tested from 1 single nsPEF to 100 nsPEFs
with a frequency of 100 Hz including the configurations using 10 nsPEFs at 10 and 100 Hz
and 100 at 10 Hz. Pulses were 10 ns long with an associated electric field between the
electrodes of 44.1 kV/cm. The pulse trigger signal was recorded and synchronized with the
measurement of RhB fluorescence using a temporal resolution of 200 ms so that the evolution
of temperature with each pulse could be considered locally at the cellular level.

At the same time, temperature in the extracellular bath between the electrodes was
measured and recorded with the fiber optic temperature sensor (Luxton). The Luxton fiber
probe is a specialized temperature sensor that is immune to radiofrequency and high voltage
interferences. These combination of the cellular measurement of temperature with RhB and
the extracellular recordings with the Luxtron sensor allowed the comparison of their relative
sensitivities to local temperature changes with time.

The results of these two techniques are shown in Fig. 8 . Table 1 summarizes the
temperature changes as measured by RhB fluorescence and the Luxtron temperature probe.
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Fig. 8. Temperature modification induced by nsPEFs as simultaneously measured by RhB
fluorescence and Luxtron thermometer. (a). 1 single pulse. (b). 10 nsPEFs at 10 Hz. (c). 10
nsPEFs at 100 Hz. (d). 100 nsPEFs at 10 Hz. (e). 100 nsPEFs at 100 Hz.

Table 1. Recapitulative of temperature increases for both techniques and all parameters
used.

Number of pulses

1 10 100
RhB Luxtron RhB Luxtron RhB Luxtron
Frequency (Hz) 10 0°C 0°C 0.6°C 0.3°C 2.1°C 2°C
100 0°C 0°C 0.6°C 0.3°C 4.8°C 2.8°C

No significant temperature changes were observed with the delivery of a single 10ns pulse
with either the RhB measurement at the cellular level or the Luxtron probe between the
electrodes (Fig. 8(a)) . With the application of 10 nsPEFs, for both 10 Hz and 100 Hz the
temperature elevation was measured at 0.6°C with RhB fluorescence. The influence of pulse
repetition is apparent in the application of 100 nsPEFs since at 10 Hz, an increase of 2.1°C
was detected whilst 4.8°C was observed at 100 Hz. The increase of the number of pulses also
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induced an increase of local temperature between the electrodes. After the application of
nsPEFs ceased, the delay of temperature decrease was several seconds, in the same order as
that observed for infrared exposure. This time corresponded to the time necessary for the
thermal exchanges with the external medium as temperature of the system returned to
equilibrium with room temperature.

Important differences were observed in the measurement of temperature with the Luxtron
probe, in comparison to the RhB method, specifically there was a delay between the time
when RhB showed temperature changes and when the Luxtron detected changes in the
extracellular volume between the electrodes. The difference was observed in the slope of the
temperature increase reported by these two methods. The difference in the elevation of
temperature can be explained by the fact that with the application of 10 pulses, the
modification of temperature was very small. The results therefore show that the RhB
temperature measurement had a better temporal resolution and better sensitivity for reporting
changes in temperature at the cellular level than the external temperature probe. This was
confirmed in experiments using pulse applications of 100 nsPEFs. In this case where a pulse
repetition frequency of 10 Hz was used, the delay of the Luxtron probe was very evident.
However at low pulse repetition frequencies, the increase in temperature registered by the
Luxtron probe was similar to that measured at the cellular level with RhB. At a pulse
repetition frequency of 100 Hz, the temporal resolution of the Luxtron probe was not
sufficient to measure the temperature elevation before its dissipation. The external
thermometer did not therefore represent the rate of change in temperature as observed at the
cellular level with RhB fluorescence.

The influence of the amplitude of the nsPEFs was also studied in order to understand at
which level of electric field temperature increases are observed. In this case, the delivery of
100 pulses with a frequency of 10 Hz was chosen. The duration of the pulses is still 10 ns.
Temperature measurements with RhB and Luxtron thermometer were performed in this
configuration, since the magnitude of the temperature change detected was approximately the
same for both methods. The amplitude of the pulse was varied from 5.5 kV/cm to 44 kV/cm
including 11, 17, 22, and 34 kV/cm. The results are shown in Fig. 9 . Figure 9(h) shows the
relationship between the increase of temperature and the amplitude of the nsPEFs with error
bars illustrating the +/—0.1 °C standard deviation.
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Fig. 9. The influence of pulse amplitude on temperature modifications induced by 100 x 10ns
nsPEFs at 10 Hz, measured by RhB and Luxtron thermometer. (a). 5.5 kV/cm. (b). 11 kV/cm.
(c). 17 kV/em. (d). 22 kV/cm. (e). 34 kV/em. (f). 44 kV/em. (g). Superposition of RhB
measurement curves. (h). The magnitude of the increase of temperature depending on the
amplitude of the nsPEFs for an exposure to 100 pulses at 10 Hz.

The amplitude of the nsPEFs played a key role in the local increase of temperature
induced by the pulse application. No increase of temperature was observable with the
application of nsPEFs with an amplitude of 5.5 kV/cm with our thermal precision. At 11
kV/cm nsPEFs, a very small increase of temperature appeared of about 0.2 °C (+/—0.1°C) was
detected. As one would expect, as pulse amplitude was increased, so did the change in
temperature induced. Thus, with a fixed number of pulses at this frequency, the local increase
of temperature was induced only if the amplitude of nsPEFs exceeded a certain threshold.
With the thermal precision of +/-0.1°C accessible with our experiment, the threshold was
therefore between 5.5 and 11 kV. This threshold would also be expected to decrease with
longer pulse durations, however only pulses of 10 ns were considered in our experiments.

5. Conclusion

Among all the methods available for the microscopic measurement of temperature at the
cellular level, RhB fluorescence is by far the simplest with respect to both the optical setup
and ease of use for biologists. The temperature sensitivity of RhB, in particular the
dependence of its quantum yield with regard to the temperature, has been used in many fluidic
applications to make temperature measurement at the micron scale. In this paper, we
developed a setup built around a wide field fluorescent microscope using epifluorescence
detection to measure temperature in cells exposed to an infrared radiation at 805 nm and to
nsPEFs. The thermal effect of each stimulus was demonstrated and it was shown that the
increase of temperature induced depended on different parameters such as the average power,
the duration of exposure the frequencies of repetition and their amplitude.

In these experiments, local temperature increases were demonstrated at the cellular level
in samples exposed to 10 ns PEFs. The effect of nanosecond pulsed electric fields are
assumed to be nonthermal, given their low average power and short duration. However, our
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results suggest that temperature changes should be considered in their effects, particularly at
higher electric fields, application frequencies and repetition rates.

This method is a first step in understanding some phenomena that are induced by heating
biological tissues. The temporal resolution of the method was approximately 4 ms and the
sensitivity allowed a detection of approximately 0.1°C change in temperature. This system
now permits investigation of temperature modifications at the cellular level and can be
combined with fluorescent physiological indicators that permit the measurement of
intracellular calcium, plasma membrane potential and mitochondrial membrane potential. The
method presented provides an excellent compromise between temporal resolution and
sensitivity to measure the thermal impact of infrared radiation and nsPEFs at the cellular level
to understand their mechanisms and advance their potential use in therapeutic applications.
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